MATERIALS AND METHODS

Subjects, screening, and overall design
The research protocol was approved by institutional committees associated with the University of Vermont Clinical Research Center, where the clinical study was carried out. This trial was registered at clinicaltrials.gov as University of Vermont Protocol Record R01DK082803 .
We employed a double-masked cross-over study evaluating two diets, one based on the typical FA composition of the diet consumed by our subjects prior to our study, which was high in PA (HPA), and one refl ecting more the Mediterranean diet FA composition, low in PA and high in OA (HOA) ( 2 ) . Figure 1 depicts the consort diagram for this trial. There were no changes to the design after the study was initiated. We studied healthy males (n = 8) and females (n = 9), aged 18-40 years, with a body mass index greater than 18 and less than 25 (n = 11) or greater than 30 (n = 6). In this cohort, on the basis of race, there was 1 South Asian (male), 3 blacks (2 males, one of whom was a native African), 1 mixed-race subject (white and Native American), and 12 whites. There were 3 Hispanics (one black and two white) and 14 non-Hispanics. Exclusion criteria included use of prescription medication, except for contraception; regular use of nonprescription medication; regular aerobic exercise training; dyslipidemia ( 17 ) ; and evidence of type 2 diabetes or insulin resistance ( 18 ) . Screening for study eligibility included: history and physical; laboratory tests in the fasted state for evidence of diabetes (glucose, HbA1C), miscellaneous metabolic dysfunction, dyslipidemia, anemia, and hepatitis and HIV infection. Females were enrolled, whether they received hormonal contraception or not, but studies on the experimental diet were conducted 4 weeks apart. Seventeen subjects completed the whole body tracer studies, including all analyses, but because of catheter problems, a few subjects did not have muscle oxidation studies (sample sizes are given in the fi gure legends).
After screening, all subjects ingested a baseline/control diet for 7 days. The baseline/control diet was low in fat (protein, 19.7% kcal; carbohydrate, 51.6% kcal; fat, 28.4% kcal; PA, 5.3% kcal; OA, 15.9% kcal) ( 17 ) . Oil mixtures appropriate to this diet, as well as the experimental HPA and HOA diets, were mixed with each meal according to suggestions provided by our dietary staff. For the baseline/control diet, two daily menus were used. On day 8, while in the fasted state, blood was drawn for immunology studies, and then a biopsy of the vastus lateralis was carried out for purposes not related to this report. The subjects then ingested a solid food breakfast consistent with the baseline/control diet (1/3 of daily kilocalories). In view of a previous report noting that nonfat components of a meal may affect the infl ammatory response ( 19 ) , we note that both breakfasts during the control diet contained one possible anti-infl ammatory factor, orange juice. Three hours after this meal was provided, blood was also obtained for immunology studies. Beginning with the noon meal that day, the subjects ingested the low-glycemic load "experimental" HPA or HOA diet in random order for 3 weeks; the fi rst 3 week diet period was followed again by the control diet for 1 week ( 2, 9 ) . Studies of infl ammation were also conducted at the end of each of the HPA and HOA diets, as noted in more detail below. The HPA diet resembled the habitual diet of the subjects ( 20 ) (fat, 40.4% kcal; PA, 16.0% kcal; OA, 16.2% kcal). The HOA diet was low in PA and high in OA (fat, 40.1% kcal; PA, 2.4% kcal; OA, 28.8% kcal). For the HPA and HOA diets, we used a 3 day rotated menu consisting of three different breakfasts, lunches, and dinners. These menus were identical for each subject during both the HPA and HOA diets, except for the FA composition and amount of oil, which was added to each meal for the baseline/control, HPA, and HOA diets to achieve the desired FA composition.
the serum concentration of medium-chain acylcarnitines (MCACs) measured in the fed state ( 2 ) , but the HPA diet did not affect muscle expression in the fed state of medium-chain acyl-CoA dehydrogenase, which catalyzes the ␤ -oxidation of acyl-CoAs with carbon length of C12 down to C4 ( 9 ) . Thus, it is not known whether accumulation of MCACs on a HPA diet is related to impaired oxidation of FA or to other unknown mechanisms. It is also not clear whether MCACs per se impair insulin signaling or whether MCACs are biomarkers for excessive production of reduced nucleotides ( 10 ) . Thus, the primary purpose of the present study was to investigate, in humans, the hypothesis that a HPA diet, relative to a HOA diet, would impair complete ␤ -oxidation as manifested by a higher oxidation rate of PA labeled on the fi rst carbon compared with oxidation of PA labeled on the thirteenth carbon (representing the fi rst carbon of the butyryl-CoA moiety corresponding to PA).
In our previous study ( 2 ) , we used principal components analysis to show that insulin sensitivity was inversely correlated with the HPA diet-induced increased PA/OA ratio in serum phospholipids and ACs, as well as skeletal muscle lipids. However, studies of the liver in pigs ( 11 ) , rats ( 12 ) , and mice ( 13, 14 ) suggest that the PA and OA composition of neutral or "total" lipids, but not phospholipids, are directly affected by PA and OA intake ( 11 ) . Moreover, in mice, it appears that a high OA intake cannot mitigate the OA-lowering effects of inhibition of stearoyl-CoA desaturase on the OA content of LDL. Therefore, in order to gain insight into how a HPA diet leads to PA enrichment of body lipids, we also felt it was important to quantify the effects of a high or low PA intake on PA oxidation (PA OX), as well as the "retention" of PA in the fed state (intake minus oxidation).
The stimulation of cell surface pattern recognition receptors, such as toll-like receptor-4 (TLR4), by molecules, including lipopolysaccharide (LPS) and PA, results in the activation of intracellular signaling cascades, including nuclear factor-B (NF-B), leading to the transcription and translation of pro-interleukin (IL)-1 ␤ and pro-IL-18, as well as other infl ammatory mediators (including TNF ␣ ) ( 5 ). We ( 2 ) recently showed that a HPA diet in humans is associated with increased blood and muscle concentration of ceramides. Therefore, it is of interest that activation of intracellular nucleotide oligomerization domain-like receptors [e.g., nucleotide oligomerization domain-like receptor protein 3 (NLRP3)] by a variety of stimuli, such as PA and ceramides, leads to the formation of a molecular platform called the infl ammasome ( 6 ) , which in the case of NLRP3 mediates activation of caspase-1 and the cleavage of pro-IL-1 ␤ and pro-IL-18 into the mature IL-1 ␤ and IL-18 that can be secreted ( 6 ) . Both C12:0 and C14:0 ACs have been shown to be pro-infl ammatory in cell culture models ( 15, 16 ) . Thus, we also sought to correlate serum ACs with the LPS-stimulated production of cytokines by peripheral blood mononuclear cells (PBMCs) isolated from the same subjects ( 15 ) . an equal dose of PA tracer with each feeding, either [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]PA or C]PA in random order on two consecutive days. On day 20, at approximately 10:00 AM, the subject underwent an identical tracer study with the other PA isotope. On both days, we inserted a retrograde catheter in the hand vein (heated before blood withdrawal) and a retrograde catheter in the deep brachial vein of the opposite arm. Blood samples from both catheters and breath samples were used to estimate whole body and forearm muscle oxidation of PA ( 22 ) . Blood and breath samples were obtained just prior to formula administration and again just prior to isotope administration for determining the isotopic enrichment of plasma PA and breath and blood CO 2 . During the PA tracer study, blood samples for determining PA and CO 2 concentration and enrichment and breath samples for assessment of CO 2 enrichment were obtained at the following times after beginning isotope administration: 180, 240, 300, 360, 380, 400, and 420 min. During each PA tracer study, blood fl ow was measured by venous occlusion plethysmography (345, 365, 385, and 405 min) ( 23 ) , and AC profi ling was carried out on blood samples collected at the end of each tracer study (in the fed state). Measurements (15 min) of oxygen consumption and CO 2 production ( V max SPECTRA 29; Sensor Medics Corp., Yorba Linda, CA) were performed at 245 min and 305 min, after the beginning of PA tracer administration.
On day 21, the subjects underwent an identical feeding protocol, as on days 19 and 20, except [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate was administered During the baseline/control diet phases, as well as during experimental diet phases (HPA or HOA), of the study, all solid food and liquids, except water, were given to the subject to ingest, and they were requested to entirely ingest each meal, which consisted of one-third of daily energy needs and which contained approximately the same proportion of macronutrients, including FAs, as a proportion of energy as the entire daily diet. Total daily energy intake was varied, if necessary, to maintain constant body weight. Except for beverages (e.g., orange juice), the meals consisted of lean turkey and chicken, fat-free dairy products, and fruits and vegetables. We enhanced and monitored compliance with the diets in three ways: written attestation, daily verbal guidance, and diet history; monitoring any food returns (usually absent or minimal) ( 2, 9, 20 ) .
In summary, the overall dietary design for the 8 week study was as follows: 1 ) control diet for 7 days; 2 ) either the HPA or HOA diet for 21 days (random order); 3 ) repeat of the control diet for 7 days; and 4 ) either the HPA or HOA diet for 21 days. Eight subjects received the HPA diet fi rst and nine received the HOA diet fi rst.
On day 19 of each experimental diet, at 10:00 AM, each subject underwent a study of PA OX ( 21 ) . Details pertaining to the stable isotope models are described in a separate section below. Briefl y, each subject received a eucaloric oral formula, administered over a 9 h period as a series of oral meals every 20 min. During the last 7 h of the formula feeding, the subject received arterialized-venous blood using the heated hand vein technique ( 29, 30 ) , and instead of femoral vein blood sampling, we used a second contralateral deep forearm catheter (31) (32) (33) . Both catheters were placed in the retrograde position, i.e., tip toward the fi ngers. Generally, assurance of the intended position of the deep brachial catheter was obtained using both ultrasound and a blood sample from the catheter showing an O 2 saturation р 70% ( 34 ) . We did complete 1 of the 34 studies in a volunteer in whom the O 2 saturation was 76.7%. The "forearm" uptake and oxidation of PA included a contribution from the hand and fi ngers of that limb, and despite our efforts using the deep brachial catheter to exclude subcutaneous adipose tissue from the estimates, there were some adipocytes between muscle fi bers, which metabolized the PA tracer .
During each PA tracer study, blood fl ow was measured by venous occlusion plethysmography (EC6 strain gauge and photo plethysmograph; D. E. Hokanson, Inc., Bellevue, WA) ( 23 ). This procedure included using "blood pressure cuffs" during the measurement of forearm volume. Specifi cally, we prevented arterial and venous blood fl ow to and from the hand distal to the strain gauge, using a wrist cuff infl ated at 200 mm Hg (above arterial blood pressure). We excluded venous return proximal to the strain gauge by infl ating an upper arm cuff to a pressure of 50 mm Hg.
We used standard equations for estimating the rates of both whole body PA OX ( 21 ) and skeletal muscle PA OX and skeletal muscle PA uptake ( 22 ) . However, several caveats need to be mentioned before providing detailed equations. First of all, we elected to study PA OX in the fed state because our previous study suggested that MCAC accumulation in the fed state correlated with insulin sensitivity ( 2 ) . Second, we corrected the rate of breath CO 2 excretion of the PA-derived label for isotope exchange of both acetylCoA and CO 2 per se using a [1-
13 C]acetate breath test (as both PA tracers label carbon one of acetyl-CoA after ␤ -oxidation) ( 26, 27, 35 ) . However, while we acknowledge that the use of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]4-methyl-2-oxovaleric (2-ketoisocaproic acid), from which acetyl-CoA is generated within the mitochondria, may be ideal for assessing isotope exchange in the TCA cycle, we were uncertain of the absorption of this compound. Third, skeletal muscle oxidation of PA was based on blood sampling ( 22 ) and not intramyocellular palmitoyl-CoA enrichment . Because PA derived from intramyocellular triacylglycerol probably only accounts for about 10% of skeletal muscle FA oxidation (FA OX) in the resting nonexercising state ( 36 ) , the likely underestimation of the isotopic enrichment of the "true" precursor pool of PA for oxidation was probably not great. Finally, we were interested in estimating retention of PA in the whole body, as well as in muscle, because, presumably, excess palmitoyl-CoA would be more likely to activate NLRP3 or lead to enhanced ceramide synthesis ( 2 ). Whole body "retention" of PA (body PA retention) was equated to PA intake minus PA OX, measured, for this calculation, only with the [1-
13
C]PA tracer . However, on either diet, we overestimated retention to the degree that food-derived PA was not completely absorbed . Similarly, skeletal muscle PA retention was equated to net uptake of PA across the forearm muscle minus skeletal muscle PA OX, with both skeletal muscle PA uptake and skeletal muscle PA retention calculated from data using the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]PA tracer. Thus, we constructed a model of PA balance that is analogous to the term "leucine balance" ( 37 ) . An important caveat of this approach to estimating PA retention on either the whole body or skeletal muscle level is to realize that the ultimate fate of the labeled carbon per se beyond incorporation into CO 2 , has no bearing on our model or the meaning of "PA retention." Because we correct for the oxidative fate of acetyl-CoA using the acetate tracer (and incorporation of acetyl-CoA into other products such as acetylcarnitine, as well as isotope exchange of the one carbon of acetyl-CoA within the tricarboxylic acid cycle), our with each 20 min formula feeding (20 mol/kg/20 min), and only breath samples were obtained (preformula, pretracer, and 60, 120, 180, 240, 300, 360, 380, 400, and 420 min after beginning tracer administration). Measurements (15 min) of oxygen consumption and CO 2 production were performed at 180, 240, 300, and 360 min after beginning the acetic acid tracer administration and once again the next morning in the fasted state (50 min measurement at 5:00 AM).
Then, on day 22, while still in the fasted state, we again collected blood for immunology studies, and then a biopsy of the vastus lateralis muscle was obtained for unrelated studies of muscle expression of redox-sensitive genes, not further discussed here. The subject then ate a solid food breakfast consistent with the diet that the subject had been ingesting for the previous 3 weeks (HPA or HOA) (1/3 of daily energy intake). The breakfast meals were identical for each subject on each diet, except for the composition of the oil added to the meal. Three hours after the subject began to ingest the breakfast meal, we again collected blood for immunology studies.
During both the PA and acetic acid tracer studies, the subjects were allowed to use the bathroom with assistance and to sit in a chair, but in part because of the need to maintain two venous catheters during most of the day for the PA tracer studies, subjects remained at rest without exercise. Because their formula energy intake was based on their usual intake prior to these studies, it is likely that the subjects received a surfeit energy intake during these tracer studies.
On the fi rst day of the baseline diet and on day 16 of the HPA and HOA diets, body composition was assessed by dual-energy X-ray absorptiometry, including upper body (android) and lower body (gynoid) regions (GE Lunar Prodigy densitometer, version 5.6) ( 24 ). In extremely obese individuals who were too wide to fi t adequately on the scanning table, we used the technique of Tataranni and Ravussin ( 25 ) to perform a half-body scan to estimate body fat and fat-free mass.
Detailed tracer study procedures and calculations
At time zero on days 19 and 20 of each experimental diet (HPA, HOA), the subjects received an oral formula of the same composition as the experimental diet which they were currently ingesting; this liquid diet was administered over a 9 h period as a series of oral meals every 20 min. During the entire 9 h protocol, the energy intake was matched to the eucaloric energy intake the subject received on the day before the fi rst tracer study. During the last 7 h of formula feeding, the subject received a PA tracer with every 20 min feeding, either [1- We based our tracer dosages on body weight in an effort to attain similar plateau isotopic enrichments of plasma PA and breath and blood CO 2 in individuals with varying body size. However, when comparing diets, we are comparing the results with each tracer within each individual during each of the two diets; therefore, we did not use a body weight correction to express PA OX in order to limit extraneous experimental error. The enrichments and position of the label for the two tracers was confi rmed by a combination of GC/MS and nuclear magnetic resonance.
For the studies of PA OX across the forearm muscle bed, we followed the procedures of Rasmussen et al. ( 22 ) closely, except for two differences: 1 ) For each diet period, we carried-out a separate acetic acid tracer recovery study (26) (27) (28) ; and 2 ) Instead of utilizing the femoral artery for blood sampling, we obtained proportion to the relative circulating PA concentration, but is also an estimate of total FA OX as measured by the tracer technique ( 38 ) .
For the estimate of muscle PA oxidation, the major comparison was the isotopic enrichment of CO 2 derived from deep venous and arterialized venous blood. Although the other measurements implied in the technique ( 22 ) basically cancel out in the comparison between PA tracers (except for daily variation), we measured plasma PA concentration, isotopic enrichment of PA, concentration of CO 2 , and blood fl ow. The equations we used for estimating the fraction of PA extracted by the forearm muscle, forearm muscle PA oxidation, forearm muscle uptake of PA, and forearm muscle retention of PA were adapted from Rasmussen et al. ( 22 ) and are provided in the online supplementary data fi le.
Concentration of PA and other FAs and isotopic enrichment of PA
PA enrichment and concentration in plasma samples was determined by methane chemical ionization GC/MS (Agilent 5973; Agilent Technologies, Palo Alto, CA). Please see the online supplementary data fi le for more details. The concentrations of nonesterified serum FAs were analyzed by GC using recently described methods ( 39 ) .
Isotopic enrichment of CO 2 and the concentration of CO 2 in blood
Determination of 13 C/ 12 C ratios in carbon dioxide in expired breath samples and in blood was performed using a gas isotope ratio mass spectrometer (PDZ Europa, Cheshire, UK; model 20/20 with an automated breath carbon analyzer module) ( 40 ) . More details are found in the online supplementary data fi le.
The blood concentration of CO 2 was assessed by isotope dilution using 13 C aqueous sodium carbonate solution (99% 13 C) (MSD-3105; MSD Isotope, Montreal, PQ, Canada) and gas isotope ratio MS, as noted above for assessment of blood CO 2 enrichment. See the online data supplement for more details.
Serum concentrations of AC
Serum AC concentrations were measured by direct-injection electrospray tandem MS ( 8 ) at the Duke Molecular Physiology Institute Metabolomics Laboratory; we averaged the values for the two tracer studies on each diet before comparing the diets. Despite our ability to detect statistically signifi cant effects of the diets (presented below), a caveat related to these comparisons is that the concentrations of C6, C8, C10, C12:0, C12:1, C14:1, and C16:1 ACs are at the lower limit of detectability (0.01-0.02 M). Also, in trying to interpret the relative effects of the HPA and HOA diets on saturated and monounsaturated long-chain AC (LCAC) species, respectively, our analytical method presently cannot distinguish between cis species of monounsaturated ACs (derived from OA primarily in this study) and trans species of monounsaturated ACs, derived from the acyl-CoA dehydrogenase step of ␤ -oxidation ( 41, 42 ) . For example, C12:1 AC may be derived from OA or PA.
Measurement of cytokines secreted by PBMCs isolated in the fasted and fed states
In 16 subjects (n = 8 males and n = 8 females), we collected blood in the fasted state, as well as in the fed state, 3 h after a breakfast meal (1/3 of daily kilocalories). Then, we enriched the PBMC population (consisting of lymphocytes and monocytes) estimates of both the whole body and skeletal muscle rates of PA oxidation are, in reality, estimates of the molar rate of removal of acetyl-CoA (carbons 1 and 2 using the [1-13 C]PA tracer and carbons 13 and 14 using the C]PA tracer). Thus, once the fi rst two carbons are removed via ␤ -oxidation, the resultant chainshortened acyl-CoA cannot, to our knowledge, be resynthesized into PA. Assuming, then, that PA oxidation can be accurately assessed using our tracer model, we can estimate retention of PA (as palmitoyl-CoA) in tissues during the course of the tracer study.
Typically, in substrate oxidation studies, one calculates an isotope recovery factor, c, equal to the fractional recovery of labeled carbon from [1- C]acetyl-CoA. We also used this construct in our interpretation of the muscle oxidation studies described below. Then, the fraction of acetic acid tracerderived [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C that was recovered in exhaled CO 2 (c) was calculated as follows:
where d ACET is the rate of administration of the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetic acid tracer ( mol/min) and IE CO 2 ACET is the plateau isotopic enrichment of CO 2 (atoms fraction excess) at the end of this study (atoms fraction excess equals atoms percent excess/100).
When c is substituted into the denominator of the conventional equation for FA OX ( 22 ) , VCO 2 cancels in both the numerator and denominator ( 35 ) . So, in estimating whole body PA OX using either tracer, we defined a new parameter, RaCO 2 ACET , which equals the rate appearance of CO 2 ( 35 ) corrected for isotope exchange of acetyl-CoA in the TCA cycle ( 26, 27 ) .
Whole body [or "plasma" ( 22 ) ] oxidation of PA (PA ox ) then was calculated using equation 3:
where IE CO 2 PA is the plateau isotopic enrichment of CO 2 (atoms fraction excess) at the end of the respective PA tracer study and IE PA is the plateau isotopic enrichment of PA (moles fraction excess) at the end of the study in the nonesterifi ed plasma FA pool (arterialized hand vein).
In Fig. 2 , we also expressed the whole body rate of oxidation of PA during both diets as a ratio (Total Serum FA OX) between PA ox ( mol/min) and the fraction of PA in total serum FAs (PA Fract Serum FA): 
RESULTS
Body composition and indirect calorimetry
There were no differences between the HPA and HOA diets for body mass index, body weight, body fat, or percent body fat. Fat-free mass (in kilograms) was 1% higher during the HOA diet compared with HPA diet (54.1 ± 3.1 kg versus 53.5 ± 3.1 kg) ( P = 0.024). Expressed as a percent of resting energy expenditure, fat oxidation rate in the fed state was 147% higher during the HPA diet (11.6 ± 3.0%) compared with the HOA diet (4.7 ± 2.4%) ( P = 0.044). In the fed state, a higher mean rate of FA OX during the HPA diet (in grams per minute) was not statistically significant ( P = 0.058), nor was a lower mean respiratory exchange ratio ( P = 0.06). In the fasted state, there were no diet differences in fat oxidation.
Whole body oxidation and retention of PA Figure 2A shows that the rate of whole body PA oxidation, based either on the [1-
13
C]PA or the C]PA tracer, was increased 226% and 176%, respectively, during the HPA diet. Essentially all of the dietary PA was oxidized during the HOA diet, but only about 38-39% was oxidized during the HPA diet, based on estimates from either tracer ( Fig. 2B ) . When expressed as a fraction of the serum longchain FA, PA oxidation (total serum FA acid oxidation) ([1- C]PA tracer oxidation data, was higher during the HPA diet ( Fig. 2C ). Expressed as a fraction of intake, whole body PA retention was 62.1 ± 2.4% for the HPA diet and only 2.7% ± 9.3% for the HOA diet ( P < 0.001).
Because the two PA tracer studies were randomized within each diet, effects of "tracer spillover" on day 2 from the tracer administered on day 1, was unlikely to have had a systematic effect on our conclusions. Still, there was evidence that the ratio of M + 1/M + 0 for the enrichment of plasma PA, just prior to the beginning of administering the PA tracer (110 min of formula feeding), was respectively 1.6-3% higher on day 2 compared with day 1 for the HPA and HOA diets ( P < 0.001). In view of these data on spillover and the results presented below indicating that the rate of oxidation of PA was unaffected by the tracer employed, we examined whole body PA oxidation rate expressed either as micromoles per minute or as a fraction of PA intake, using only data from the day 1 study (independent of the tracer used); on this basis, whole body PA oxidation rate during the HOA diet was respectively 198% increased (in micromoles per minute) or 35% increased (fraction of intake), values which are very similar to those presented above where both tracers and both tracer days were considered. Thus, spillover of labeled PA from day 1 to day 2 did not affect our conclusions.
Skeletal muscle oxidation, uptake, and retention of PA
There was no difference between diets in forearm blood fl ow on either tracer day. As noted in the Materials and from blood using LSM lymphocyte separation medium (MP Biomedicals, Solon, OH) according to manufacturer's directions, from which the mononuclear cell layer was collected, washed, and counted. Freshly-collected PBMCs were plated at 10 6 cells/ml and treated in duplicate under control conditions or were stimulated by the addition of 1 ng/ml ultra-pure LPS (from Escherichia coli 0111:B4; InvivoGen, San Diego, CA). After 24 h, the supernatants were separated and stored at Ϫ 80°C until analysis. The following cytokines were measured in these supernatants using a Luminex-based assay: TNF ␣ , IL-1 ␤ , and IL-18 (Bio-Rad, Hercules, CA) ( 2 ). These particular cytokines were selected for correlation analysis with AC concentrations because pilot studies showed that the secretion of these cytokines was enhanced by LPS and because the synthesis of these cytokines (TNF ␣ , pro-IL-1 ␤ , and pro-IL-18) were stimulated by activation of TLR4 and/or cleaved to the active form by the NLRP3 infl ammasome (IL-1 ␤ and IL-18) ( 5, 6 ). AC and cytokine concentrations, depicted as "HPA Ϫ HOA" [the value (AC or cytokine concentration) during the HPA diet minus the respective value during the HOA diet] differences in the Results, represent values obtained during the HOA diet subtracted from the values obtained from subjects during the HPA diet. A positive correlation between the HPA Ϫ HOA difference in the concentration of a particular AC and the respective difference in the secretion of a cytokine by PBMCs implies that a larger relative concentration of the AC (higher value during HPA and/or lower value during HOA) was associated with a higher respective relative secretion of the particular cytokine.
Data analysis and statistics
Analyses were performed with SAS, version 9.2. All data are expressed as mean ± SEM, and P < 0.05 was selected as statistically signifi cant. We defi ned MCACs as consisting of the follow- This study employed a two-treatment two-period two-sequence cross-over design. Generally, diet effects were analyzed using a repeated measures ANOVA, including period, sequence, and treatment effects, with the baseline value as a covariate, when available. However, diet effects on body weight, fat oxidation, and AC profi les, without baseline data, were analyzed using the paired t -test. Because gender-specifi c immune responses to the diets were anticipated ( 2 ), males and females were analyzed both as a group and separately. For some analyses, we employed the same model using ranks. All correlations reported are Spearman rank correlations.
Subjects were randomly assigned to a diet order and tracer order using the random allotment procedures in SAS by the Clinical Research Center informatics staff, with block size 4 stratifi ed within gender and obesity group. Tracer order was randomized within gender, obesity status, and diet. The diet order randomization was viewable by the Clinical Research Center bionutritionist, who assigned the diet order, but the diet order spreadsheet, as well as the tracer order spreadsheet, was also viewable by the staff preparing the liquid diets and adding tracer to the liquid diets . However, during both the laboratory analyses and the process of determining that the resultant data were valid, the investigators were masked to both the order of the diets and the order of the tracer administration. The sample size for the trial was estimated prior to beginning the study using methods detailed in the online data supplement. tracer (data not shown). Thus, mean forearm skeletal muscle PA retention was higher during the HPA diet, but not to a statistically signifi cant state ( P = 0.06) ( Fig. 2 F ) . Therefore, with the higher PA intake, there appeared to be a relative expansion, at least temporarily, in the intramyocellular pool of palmitoyl-CoA or its metabolites, which could have functional consequences.
Comparison of oxidation of the PA carbon on the fi rst and thirteenth position
Just prior to the beginning of tracer administration, the isotopic abundance of CO 2 ) in breath was 0.2% higher ( P < 0.001) on day 2 compared with day 1 during both the HOA (1.092 ± 0.00034 versus 1.091 ± 0.00034 atoms %) and the HPA diets (1.093 ± 0.00028 versus Methods, skeletal muscle PA oxidation and uptake are based on assessment of blood fl ow and measurements of PA and CO 2 concentration and enrichment across the forearm muscle bed (based on blood obtained from the heated dorsal hand vein and deep brachial vein). Forearm skeletal muscle oxidation of PA was very low on both diets, independent of the tracer, and was not different from zero for either tracer or diet condition ( Fig. 2D ) . Fractional extraction of either the [1- ( Fig. 2E ) and was different from zero on either diet, using either We then proceeded to estimate the rate of oxidation of the two labeled PA tracers using the more informed stable isotope model described in the Materials and Methods . Figure 3A shows that there was no diet difference in the ratio of the rate of oxidation derived from the C]PA tracer to that using the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]PA tracer with an approximate value of 1.0 for either diet. There was no diet by sex interaction for this parameter.
ACs
As noted in the Materials and Methods, AC profi ling was carried out on blood samples collected at the end of each tracer study (in the fed state). There were no differences between diet groups in the serum AC concentration or in the sum of serum concentrations of either MCAC or LCAC, but the MCAC/LCAC ratio was 8% higher during the HPA diet ( Fig. 3B ) . We next examined whether the diets affected various species of MCAC; there were no differences in C6:0, C8:0, and C10:0 ( Fig. 3C ) . However, during the HPA diet, the serum concentration of the C12:0 AC was 70% higher, the C14:0 AC was 72% higher, and the C16:0 AC was 193% higher ( Fig. 3C ) . The serum concentrations of the C12:1 and C16:1 ACs were only 8% and 7% higher during the HOA diet and not statistically different from the HPA diet, but the C14:1 and C18:1 ACs were respectively 40 and 61% higher during the HOA diet ( Fig. 3D ).
1.0904 ± 0.00028 atoms %). Thus, although detectable statistically in breath CO 2 , the tracer spillover was very low in comparison to plasma PA (which was still low, as shown above). So, we computed the ratio of the plateau rate of breath excretion of 13 CO 2 to the rate of administration of tracer for each of the two tracer studies on each formula (both expressed in molar units). This estimate of relative oxidation of the two carbon positions of PA is independent of plasma PA enrichment. As with the more informed model for assessing the rate of oxidation of PA using either tracer, this comparison of the relative oxidation of the thirteenth carbon compared with the fi rst carbon of PA assumes equal acetate kinetics on both days; however, in addition, we assume here with this simpler approach that the absorption of tracer and its dilution by dietary PA is equal on both days of tracer administration. Because the subjects were studied on each tracer day for each diet under identical conditions, including formula intake, this is a reasonable approximation of the relative rate of oxidation of these two PA carbons. For the HOA diet, the respective average gross recovery of label in expired CO 2 was 17.7 ± 0.9% for the C]PA tracer and 17.2 ± 1.1% for the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]PA tracer (not signifi cantly different); and for the HPA diet, the respective values were 21.3 ± 1.2% and 19.7 ± 1.1% (also not signifi cantly different). Therefore, recovery of label from the fi rst carbon of PA did not exceed that from the thirteenth carbon. C]PA tracers were administered in random order for each of the experimental diets (HPA, HOA). As described in Materials and Methods, oxidation of each tracer was based on plateau samples obtained during the last hour of tracer administration. AC profi ling was conducted on blood obtained at the end of the tracer administration protocol (n = 17 for all diet comparisons). Black bars indicate the HPA diet and white bars indicate HOA diet. * P р 0.05, ** P < 0.01, and *** P < 0.001, for differences between tracers (repeated measures ANOVA, except for AC statistics, which were based on a paired t -test). A: Ratio of the whole body rates of PA oxidation measured with tracers for PA labeled on positions C1 and C13 (C13/C1 data presented). B: Serum AC profi le averaged for the two tracer days on each diet (see text for calculation). C: Effects of diets on the serum concentrations of specifi c saturated ACs. D: Effects of diets on the serum concentrations of specifi c monounsaturated ACs. enhanced infl ammatory and redox stress in females but not males ( 2 ), we also examined these correlations separately in males and females. Table 1 indicates that in females there were correlations between diet differences (HPA Ϫ HOA) in LPS-induced secretion of IL-1 ␤ and TNF ␣ from PBMCs during both the fasted state and the fed state (post-breakfast) versus the respective differences in C12:0, C14:0, and C16:0 ACs . Because these particular saturated ACs were all higher in the HPA diet versus the HOA diet, these correlations could be simple manifestations of an effect of PA per se on secretion of IL-1 ␤ , IL-18, and TNF ␣ ( 5, 6 ), but neither the diet difference in whole body rate of oxidation of PA nor the diet difference in whole body PA retention correlated with diet differences in the secretion of these three cytokines by PBMCs. Table 1 also shows that, in males, diet differences in unsaturated ACs (C12:1, C14:1, C16:1, and C18:1) correlated with respective differences in PBMC secretion of IL-1 ␤ and IL-18 in the fasted state, despite the fact that there were no diet effects on the serum concentration of either the C12:1 or C16:1 ACs.
Both C12:0 and C14:0 AC have been shown to be proinfl ammatory in cell culture models ( 15, 16 ) ; therefore, we examined how the AC profi le, obtained only in the fed state at the end of each tracer study, correlated with secretion of cytokines by PBMCs activated by LPS. As noted in the Materials and Methods, ACs were measured at the conclusion of a feeding regimen consisting of repeated (every 20 min) feedings of formula diets, appropriate to the particular diet, HPA or HOA. On the other hand, the secretion of cytokines by PBMCs was measured using blood collected about 11 h later in the fasted state, as well as 3 h after a breakfast meal that was preceded by a muscle biopsy. With these caveats in mind, in males and females considered together, there were no correlations between diet differences in C6:0, C8:0, and C10:0 ACs and IL-1 ␤ , IL-18, or TNF ␣ secretion by PBMCs. Table 1 shows that there were only modest scattered correlations between diet differences (HPA Ϫ HOA) in longerchain ACs and secretion of IL-1 ␤ , IL-18, and TNF ␣ in males and females considered together. However, in view of our previous observation that the HPA diet seemed to cause AC species were measured in the fed state at the end of each tracer study and cytokines secreted by PBMCs were collected in the fasted and fed states. When statistically signifi cant, the Spearman rank r value is shown for each relevant comparison. AC profi ling was conducted at the end of 9 h of repeated (every 20 min) feedings of a formula diet (HPA or HOA) on days 20 and 21 (fed state) and then averaged for each species. Immunology studies were conducted on day 22 of each experimental diet in both the fasted state and 3 h after a breakfast meal consisting of one-third of the total energy content of the daily diet (fed state). Each breakfast was identical during each of the HPA and HOA diets, except for the FA composition, which refl ected that of the particular diet.
a P < 0.05. b P р 0.01. SREBPs ( 43 ) . Thus, it is relevant that the HOA diet, compared with the HPA diet, appeared to increase muscle mRNA expression of INSIG-1 ( 9 ), again providing evidence of increased SREBP activity during this diet. This line of evidence, while consistent with the lower rate of FA OX during the HOA diet, contrasts with the persistent oxidation of PA on the low PA HOA diet, such that there was no retention of PA during the HOA diet. Thus, there is no apparent mechanism for conserving palmitoyl-CoA in cells under conditions of limited intake. Because PA is an integral part of lipid rafts and palmitoylation of signaling proteins and transmembrane receptors is critical to cell function, it is interesting to speculate whether upregulated PA (and probably OA) synthesis, under conditions of increased activation of SREBP-1a and SREBP-1c, is suffi cient to provide the necessary cell membrane content of PA. Potential limited PA intake over a time period of a few weeks would likely be buffered by PA present in adipose tissue triacylglycerols, which did not change over a period of 3 weeks ( 2 ). The fractional extraction of PA by forearm skeletal muscle for the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]PA tracer on either diet (means, 18 and 20%) was similar to what has been reported in the single comparable study of forearm muscle oxidation of PA in the literature ( 47 ) . Skeletal muscle oxidation of PA was negligible during both diets. However, energy intake was estimated from each subject's food intake just prior to the tracer studies. Undoubtedly this intake was above that required for energy balance during the tracer studies because although the subjects were not at complete bedrest, they were allowed only limited physical movement during the protocol, particularly with respect to the forearms, because of the intravenous catheters placed in the contralateral hand vein and deep brachial vein. Thus, muscle contraction in the arms was limited and fuel utilization likely also was low. Although muscle uptake was higher during the HPA diet, the P value for skeletal muscle retention of PA did not quite reach statistical signifi cance during the HPA diet. This persistent uptake of PA without augmented oxidation during the HPA diet could explain a previous fi nding that during the HPA diet, there was a higher muscle concentration of ceramide, which is synthesized from PA ( 2 ). However, as noted in the Materials and Methods, lack of equilibration of blood entering and exiting the skeletal muscle with unlabeled palmitoyl-CoA derived from intramyocellular triacylglycerol probably resulted in a minor underestimation of muscle PA oxidation rate, even with these studies of nonexercising subjects.
A specifi c and unique goal of the present study, though, was to determine whether a higher PA intake inhibited the progressive oxidation of the carbon chain derived from PA, and we employed a dynamic isotopic assessment of the rate of PA oxidation, rather than relying only on static measurements of AC concentrations. Clearly, in the present study, the rate of whole body oxidation of the thirteenth carbon of PA was not less than that of the first carbon during either diet. A recent study in myotubes showed that OA (but not PA) specifi cally stimulated the deacetylation and, thus, activation of PGC-1 ␣ and expression
DISCUSSION
Here we show that although whole body PA oxidation is increased on the HPA diet, the increase is not commensurate with the proportion of PA in the diet. While the ratio of PA intake (as percent energy) in the HPA and HOA diets was 6.76, the relative ratio in PA retention was 168. Because OA appears to be preferentially oxidized compared with PA, when both FAs are approximately equal in the diet (as is the case with the HPA diet) ( 21 ), it is not surprising that the rate of PA oxidation might be diminished in proportion to its contribution to the diet and, thus, much lower during meal-feeding with the HOA diet pattern. That is, the HOA diet contained very little PA; therefore, the lower rate of PA oxidation during this diet (in the fed state) could be related to the effects of the liquid meals per se, and not necessarily mainly or only due to effects of the chronic (3 week) HOA diet.
From a perusal of the rodent literature, it may not be self-evident that changing the PA/OA ratio of the diet would affect the content of tissue lipids ( 2, 9 ) or PA retention. The PA and OA contents of aortic triglycerides were not affected by HPA or HOA diets in mice ( 13 ) . In contrast, our data suggest that, in humans, accumulation of palmitoyl-CoA in cellular pools is likely during a typical HPA diet, at least temporarily in the fed state. Thus, a high PA intake could be detrimental to optimal cellular function and might affect macrophage content of PA and OA, as well as TLR4-responsive infl ammatory gene expression ( 13 ) . It is important to note that there were, however, no diet effects on body fat as measured by dual-energy X-ray absorptiometry.
Estimates of total FA OX measured with either indirect calorimetry or the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]PA tracer both suggested that total oxidation of FAs was increased during the HPA diet. These fi ndings refl ect a similar observation from another cross-over study conducted on a completely different cohort ( 9 ) . The sterol regulatory element-binding proteins (SREBPs), SREBP-1a and SREBP-1c, enhance the transcription of a number of enzymes involved in de novo FA synthesis, including acetyl-CoA carboxylase, which produces malonyl-CoA, an important inhibitor of carnitine palmitoyl transferase 1 and, thus, FA OX (43) (44) (45) (46) . SREBPs synthesized in the endoplasmic reticulum (ER) must be proteolytically processed in the Golgi apparatus to be active; and for that to occur, SREBP cleavage-activating protein (Scap) must escort SREBP to the Golgi, a process that is inhibited if the insulin induced gene-1 protein (Insig-1) binds to Scap. High cholesterol concentration in the ER membrane enhances the binding of Insig-1 with Scap ( 43 ) . Low ER membrane free cholesterol not only lowers this interaction of Insig-1 with Scap, but also enhances degradation of the Insig-1 protein ( 43 ) . Thus, raising the OA content of the diet and consequently increasing the esterifi cation of cholesterol with OA, a preferential substrate for acyl-CoA:cholesterol acyltransferase, is apt to lower total FA OX and enhance de novo FA synthesis by enhancing cellular activity of SREBPs ( 9, 43 again 3 h after a breakfast meal (and a skeletal muscle biopsy conducted just prior to this meal). Our results must be considered preliminary because the sample sizes for women and men considered separately are small, although the Spearman rank correlation is not affected by outliers. In men, relatively higher concentrations of unsaturated ACs during the HPA diet were associated with enhanced NLRP3 infl ammasome activity, assessed in the fasted state. However, in women, the relative accumulation of saturated ACs during the same diet seemed to be associated with enhanced activation of both the NLRP3 infl ammasome and TLR4, because we observed correlations between diet differences in ACs and PBMC secretion of both IL-1 ␤ and TNF ␣ in the fasted and fed (post-breakfast) states ( 5, 15 ) . Interestingly, these correlations between diet differences in ACs and cytokine secretion by PBMCs could indeed relate to specifi c effects of ACs on infl ammation ( 15 ) and not merely due to effects of higher PA retention on the HPA diet because: 1 ) there were no correlations between diet changes in whole body PA retention and respective changes in cytokine secretion by PBMCs; and 2 ) in men, cytokine secretion seemed to be affected by two ACs, which were not even different between diets (C12:1, C16:1). However, despite these potentially interesting correlations, we wish to reemphasize, as noted just above, that the AC studies and the PBMC studies were performed at different time points and under different conditions.
There are several caveats concerning our assessment of PA metabolism by the whole body as well as the "forearm muscle". First, as explained in both the Materials and Methods and Results, the two PA tracers were administered on consecutive days, albeit in random order; spillover of enriched PA, presumably from VLDL, induced a slightly higher pretracer M + 1/M + 0 ratio for PA and CO 2 on day 2 during both diets . As shown in the Results, this effect did not alter our conclusions relative to either the effect of the diets on the whole body rate of PA oxidation or the comparability of the rates of oxidation using the two tracers. Importantly, using only day 1 tracer data, we found very similar relative effects of the HPA diet on the whole body rate of PA oxidation compared with using both tracer days (and both tracers), and we found no difference between the oxidation of the two tracers using a simpler tracer model of the fraction of the PA tracer dose that was oxidized during each diet. Second, we did not attempt to exclude venous return from the hand during our sampling of deep brachial venous blood; therefore, forearm muscle metabolism of PA will include a presumably small fractional contribution from the hand and fi nger muscles. Third, adipocytes reside between muscle fi bers; therefore, some of the uptake and oxidation of PA by the forearm will include an unknown contribution by these cells. It is not known whether these adipocytes will function like those in the subcutaneous adipose tissue, but we also acknowledge that we did not specifi cally assess PA metabolism by subcutaneous adipose tissue, although our assumption is that PA metabolism by this tissue was not included in our measurements because of the use of the deep brachial venous catheter. Fourth, in order to achieve of MCAD, as well as other targets of PPAR ␣ or -␦ ; moreover, OA increased complete oxidation of either PA or OA ( 48 ) . In our previous study of humans fed the HPA and HOA diets, we found, however, no evidence that the diets altered the mRNA expression of PGC-1 ␣ or known targets of PPAR ␣ or -␦ ( 9 ). However, our present fi ndings related to the MCAC/LCAC ratio, as well as our previous results ( 2 ) , are partially consistent with these in vitro effects, to the extent that accumulation of MCACs may refl ect incomplete FA OX ( 48 ) . Although the MCAC/LCAC ratio was increased on the HPA diet, the overall pattern of ACs, especially the relatively high C10:0 (during both diets) ( Fig. 3 ) , was not specifi cally characteristic of MCAD defi ciency ( 41 ), nor is our previous observation that muscle mRNA expression of MCAD was not differentially affected by these diets ( 9 ) . The high concentration of C14:1 AC during both diets ( Fig. 3 ) , compared with either C16:1 AC or C12:1 AC, is consistent with relatively impaired activity of LC acyl-CoA dehydrogenase ( 41 ) . However, these ACs are present at very low concentrations and at the limit of detectability. So, caution in interpreting the AC profi ling is needed.
It is also important to consider whether initial peroxisomal ␤ -oxidation of PA and OA could have contributed to the observed discordance between "completeness" of FA OX assessed with our tracers and that assessed using AC profi ling. In this study, we measured AC concentrations only in blood, not in muscle. In the heart, and presumably also in the liver, kidney, and other tissues, OA tends to undergo up to three cycles of ␤ -oxidation in peroxisomes (generating C12:0 acyl-CoA) compared with one to two cycles for PA (generating 14:0 and 12:0 acyl-CoAs) ( 49 ) . The fi rst step of peroxisomal ␤ -oxidation of FAs (dehydrogenation) is distinct from that occurring in mitochondria in that FAD is not the hydrogen acceptor, meaning that oxidation is effectively uncoupled from ATP production at this step ( 50 ) . This observation could have thermogenic implications, particularly because we have observed relatively higher resting energy expenditure in subjects during the HOA diet ( 20 ) . However, relatively more peroxisomal ␤ -oxidation of OA would not explain why the MCAC/LCAC ratio was higher during the HPA diet, because this ratio is mainly dependent on the accumulation of ACs with chain lengths of less than 12 carbons.
In vitro, both C12:0 AC and C14:0 AC activated NF-B in a murine monocytic cell line ( 15, 16 ) , but in a recent study, this group did not detect evidence of increased cytokine release from human myotubes treated with C14:0 or C16:0 ACs ( 10 ) . In this study, we examined whether diet differences in serum concentrations of MCLCs or LCACs correlated with diet differences in the secretion of NF-B-regulated pro-infl ammatory cytokines by PBMCs. Because we ( 2 ) previously reported strong sex differences in the differential effects of HPA and HOA diets on infl ammatory and oxidant stress, as well as on serum AC profi les, we especially examined correlations between dietary differences in the concentrations of AC measured in the blood after about 9 h of repeated feedings of small meals (every 20 min) versus respective differences in cytokine secretion by PBMCs, collected in both the fasted state, about 11 h later, and then "steady-state" kinetics in our PA oxidation studies, we administered the isotope and feedings every 20 min ( 21 ). This mode of feeding is apt to disrupt the normal rise and then fall in insulin and intestinal peptide secretion theoretically achieved with normal meal feeding, although individual differences in gastric emptying and intestinal motility will blur this distinction somewhat. However, our observation of a similar relative increase in the MCAC/ LCAC ratio during the HPA diet (8%), as reported previously with meal feeding (10%) ( 2 ) , suggests that this aspect of fat metabolism is not particularly different from that seen with normal feeding. Finally, we acknowledge that, in our protocol, the "effects" of the HOA diet on PA oxidation included those induced by 2-3 weeks of diet (e.g., changes in liver and muscle FA composition) and by the low PA intake per se during the tracer studies. There were practical and logistical issues related to other goals of our project, which in our view, necessitated that the subjects remain on the same diet for the entire 3 weeks. Moreover, a plausible effect of a low PA or HPA diet includes the acute effects of the FAs during each period of food ingestion. So, our project was designed to "capture" these various effects. Also, our previous study did not reveal effects of these diets on the expression of genes in skeletal muscle affecting FA OX ( 9 ); thus, we suggest that the "acute" effects of each meal ingested, differing in the FA composition, may play an important role on the biological and health effects of diets of varying FA composition.
In conclusion, our data show that a HPA diet leads to disproportionate retention of PA in cellular pools, but associated with both a higher total FA and PA oxidation rate. Also, for the fi rst time, we have compared tracer data relating to completeness of FA OX with AC profi ling in a relevant human population (two prevalent dietary patterns). The diets did not differentially affect the ratio of oxidation measured using the [13- 
